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The hyperfine splittings of ground state 11Beþ have been measured precisely by laser-microwave double
resonance spectroscopy for trapped and laser cooled beryllium ions. The ions were produced at relativistic
energies and subsequently slowed down and trapped at mK temperatures. The magnetic hyperfine structure
constant of 11Beþ was determined to be A11 ¼ −2677.302 988ð72Þ MHz from the measurements of the
mF −mF 0 ¼ 0–0 field independent transition. This measurement provides essential data for the study of the
distribution of the halo neutron in the single neutron halo nucleus 11Be through the Bohr-Weisskopf effect.
DOI: 10.1103/PhysRevLett.112.162502 PACS numbers: 21.10.Ky, 27.20.+n, 31.30.Gs, 37.10.Ty
The discovery of neutron halo nuclei in very neutron-rich
unstable nuclei through interaction cross section measure-
ments at intermediate energies [1] ignited various exper-
imental and theoretical studies of such unstable nuclei.
In recent years, high precision optical spectroscopy of
halo nuclei has been performed and the charge radii of He,
Li, and Be isotopes have been measured through isotope
shifts [2–4]. We developed an online ion trap setup which
converts radioactive nuclear ions from the GeV- to the μeV-
energy scale and have measured the ground state hyperfine
structure (hfs) splittings of all odd Be isotopes with high
precision.
The magnetic hfs constant of the s state is a probe of the
magnetization distribution of a nucleus which manifests
itself under a local, inhomogeneous magnetic field due to
the valence s electron, while the nuclear magnetic moment
is an integrated magnetization measured with a homo-
geneous external field. A comparison of the ratio of the hfs
constant A to the nuclear g factor among isotopes yields the
Bohr-Weisskopf effect [5], which sensitively reflects the
structure of the single neutron halo [6]. In a naive picture,
the charge radius of 11Be is representative of the core size
while the magnetization radius represents the radius of the
extended halo neutron since the nuclear magnetization of
11Be is mainly carried by the halo neutron. Combined with
the charge radii measurements [4,7], we can discern the
neutron halo structure with the nuclear-model-independent
optical probe.
The atomic states split into hyperfine levels identified by
the quantum number F ¼ I þ J where I and J are the
nuclear and electronic spin quantum numbers, respectively.
The magnitude of the splittings in the case of the magnetic
dipole interaction is described asHhfs ¼ AIJ where A is the
magnetic hyperfine constant. When an external magnetic
field is applied, the hyperfine levels shift and split into
magnetic sublevels due to the Zeeman effect. To determine
the hfs constant A, the microwave transition frequency at
zero magnetic field is the relevant quantity to measure.
However, laser cooling is an essential prerequisite to resolve
the hfs splittings of Beþ ions, requiring a finite magnetic
field for optical pumping into recyclable states. The pump-
ing scheme is shown in Fig. 1 with the low-lying atomic
levels of 11Beþ. With, for example, circularly polarized σþ
laser radiation, the population is concentrated into the
maximum mF state and excitations and deexcitations are
repeated between the states, ð2s2S1=2; F ¼ 1; mF ¼ þ1Þ↔
ð2p2P3=2; mJ ¼ þ3=2; mI ¼ þ1=2Þ. In this way, laser
cooling is achieved and when additional microwave radi-
ation resonant with νþ induces the transition between the hfs
levels, the resonance can be detected as a decrease in the
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FIG. 1 (color online). Zeeman level diagram of the
ground 2s2S1=2 state and the excited 2p2P3=2 state of 11Beþ.
(Solid arrows are optical and curly lines represent microwave
transitions.)
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fluorescence intensity. This is the scheme we have previ-
ously used for 7Beþ [8]. However, the hfs transition
frequency νþ is linearly dependent on the magnetic field
with a relatively large coefficient of −14 MHz=mT which
may cause serious line broadening due to the inhomogeneity
of the applied magnetic field. An advantage of 11Beþ over
7;9Beþ is that the upper hfs level (F ¼ 0) does not split
because the nuclear spin is I ¼ 1=2. If one can populate
some fraction of atoms into theF ¼ 0 state, one canmeasure
the transition frequency between ðF;mFÞ ¼ ð0; 0Þ↔ð1; 0Þ,
which is field independent to first order.
We simulated the population of the ground state hfs
levels of Be isotopes with incompletely polarized σþ
radiation containing a small admixture of σ− as shown
in Fig. 2. A noticeable fraction of the population is seen in
the ðF;mFÞ ¼ ð0; 0Þ state only in 11Beþ even with only a
small admixture of counterpolarized radiation. Under such
pumping conditions, resonance microwave radiation at ν0
induces the ΔmF ¼ 0 transition and the resonance can be
detected as an increase in the fluorescence intensity.
Figure 2 also shows that some fraction is in upper hfs
levels of 7;9Beþ; however, they are dominantly in
ðF;mFÞ ¼ ð1;1Þ states and a very small fraction is seen
in a ðF;mFÞ ¼ ð1; 0Þ state. It is difficult to observe such a
mF ¼ mF 0 ¼ 0 transition for 7;9Beþions.
The experiments were performed at the prototype
SLOWRI facility at RIKEN. 11Be ions were produced
from the projectile fragmentation reaction induced by a 13C
beam at 100 A MeV on a 1850 mg=cm2 9Be target. Many
other nuclides were simultaneously produced and they
were separated by the RIKEN projectile fragment separator
RIPS [9]. After two wedged glass plates degraded their
energy to less than 2 AMeV, the Be ions were thermalized
in a gas catcher cell filled with 26 hPa of helium gas. They
were guided by a rf carpet [10,11] to an exit nozzle,
extracted from the gas cell, and transported to a high
vacuum region through a 600 mm-long rf octupole ion
beam guide (Carbon-OPIG) with differential pumping. A
quadrupole mass filter removed most unwanted ions and
the desired 11Beþ ions were then trapped in a cryogenic
linear rf trap using pulsed helium buffer gas cooling. In the
trap, the temperature of Beþ ions was further reduced by
laser cooling using a UV laser resonant to the 2s2S1=2 →
2p2P3=2 transition at 313 nm. In this experiment, 3 ×
106 cps 11Beþ ions were provided from the fragment
separator and ions were extracted from the gas cell at
about 70 cps. From the intensities of the laser-induced
fluorescence (LIF) signal of 11Beþ ions, we estimated that
110 ions were typically stored in the trap for each
measurement. To directly measure the hfs transition
frequencies of 11Beþ, we applied laser-microwave double
resonance (LMDR) spectroscopy. The laser light and
microwave were alternatively irradiated to avoid light shift
and power broadening with a chopping rate of 4 kHz and a
60% duty for the laser. The microwave radiation was
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FIG. 2 (color online). Simulation results of optical pumping
for 7;9;11Beþ by incompletely polarized radiation under the
condition that the magnetic field was 0.7 mT, the laser power
460 mW=cm2, the ion temperature 0.2 K, the detuning frequency
−40 MHz, and the dominant polarization of radiation σþ. Ions
were assumed to initially be equally distributed over all the mF
sublevels of the ground state.
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FIG. 3 (color online). Time sequence of the experiment. The
cyclotron beam irradiated the target for 40 s and buffer gas was
simultaneously applied to the trap during this period. After buffer
gas was quickly evacuated, laser cooling occurs and spectroscopy
was performed until the 11Beþ ions had decayed.
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FIG. 4 (color online). Typical LMDR spectrum of the ground
state hfs transition of ðF;mFÞ ¼ ð0; 0Þ → ð1; 0Þ for 11Beþ at a
magnetic field B ¼ 0.698 01ð35Þ mT.
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generated by a synthesizer (HP8643A) whose clock was
locked to a GPS frequency reference (Symmetricom
58503B). The LIF signal was detected by a two dimen-
sional photon-counting system (PIAS-TI, Hamamatsu).
This procedure is almost identical to the one used in the
7Be experiment [8], with only the sequence of the meas-
urement slightly different due to its shorter half-life of
T1=2 ¼ 13.8 s as shown in Fig. 3. 11Beþ ions from the gas
cell were accumulated for 40 s and immediately after
evacuation of the buffer gas, the microwave frequency was
scanned 10 times in 20 s before the 11Beþ ions had
decayed. Such a measurement cycle was repeated many
times to achieve good statistics.
The field independent mF ¼ mF 0 ¼ 0 transition,
ðF;mFÞ ¼ ð0; 0Þ → ð1; 0Þ, was measured at three different
magnetic fields. Figure 4 is a typical LMDR spectrum
indicating the fluorescence intensity as a function of the
microwave frequency. The spectrum shows a Rabi reso-
nance curve due to the pulsed microwave radiation. The
resonance frequencies were obtained by least-square fitting
to the transition probability function, pðΩ; b; τÞ ¼
ð2b2=Ω2Þð1 − cosΩτÞ, where b is the amplitude of the
perturbation field, Ω ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðΔωÞ þ ð2b2Þ
p
the Rabi angular
frequency, Δω the detuning of microwave, and τ the
duration of the perturbation field [12]. The resonance
frequencies at three different magnetic fields are tabulated
in Table I. The magnetic fields were determined from the
hfs splittings of 9Beþ ions under the same conditions. The
error values for the magnetic fields stem from the statistics
of spectra for 9Beþ. The electric current passing through the
coils was stabilized using feedback measurements with a
shunt resister that had a temperature coefficient of
5 ppm=K. The magnetic field drift between measurements
of 9Beþ and 11Beþ thereby had a negligible effect on the
frequency measurements. The mF ¼ mF 0 ¼ 0 transition
still has a small quadratic dependence due to the magnetic
field which is given by the Breit-Rabi formula. The
transition frequency is described as
ν0ðBÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
A2 þ B2g2Jμ2Bð1 − γÞ2
q
; (1)
where A is the magnetic hfs constant, B the magnetic field
strength, gJ the atomic g factor, μB the Bohr magneton, and γ
the nuclear to atomic g-factor ratio. The resonance frequen-
cies were fitted with this formula as shown in Fig. 5 and the
transition frequency at the zero magnetic field was
determined to be ν0ð0Þ ¼ 2677.302 988ð72Þ MHz. The
statistics and the error values for the magnetic fields
contributed to this error value. There were no light shifts
since the laser light was chopped by a blade and the precision
of the microwave source is much higher than these mea-
surements. Furthermore, we estimated the second-order
Doppler shift and the quadratic Stark shift to be of orders
10−7 and 10−17 Hz, respectively, making them negligible.
The ΔmF ¼ 1 field dependent transitions, ðF;mFÞ ¼
ð0; 0Þ→ ð1;1Þ, were also measured to confirm the sign
of the hfs constant and the nuclear spin I. A typical
spectrum is shown in Fig. 6 displaying a wider line width
due to the inhomogeneity of the magnetic field. The
resonance frequencies were obtained by fitting to the
Rabi function and the results are compiled in Table II.
The sign of the hfs constant of 11Beþ is confirmed to be
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FIG. 5 (color online). Resonance frequencies ν0 plotted as a
function of the magnetic field fit to Eq. (1). The bottom indicates
the difference between the experimental data and the
fitting curve.
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FIG. 6 (color online). Typical LMDR spectrum of the ground
state hfs transition of ðF;mFÞ ¼ ð0; 0Þ → ð1;þ1Þ for 11Beþ
under the magnetic field B ¼ 0.696 27ð26Þ mT.
TABLE I. Resonance frequencies ν0 for 11Beþ at different
magnetic field strengths.
Icoil [A] B [mT] ν0 [MHz]
5 0.238 265(24) 2677.311 34(12)
14 0.698 01(35) 2677.374 30(10)
30 1.504 448(18) 2677.634 30(13)
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negative from νþ < ν−. The dependence of the transition
frequencies on the magnetic field is described as
∂νþ=∂B ¼ −μB4I=ð2I þ 1Þ (2)
with μB ¼ 14 MHz=mT. The experimental result for νþ
was −14 MHz=mT which is consistent with the nuclear
spin I ¼ 1=2. In total, the ground state hfs constant of 11Beþ
was determined to be A11 ¼ −2677.302 988ð72Þ MHz
The nuclear magnetic moment of 11Be can be indirectly
obtained from the hfs constant with a precision limited by
the uncertainty of the hyperfine anomaly. The relation
between the A=g ratio of two isotopes can be described as
A11=g11 ¼ A9=g9ð1þ 11Δ9Þ; (3)
where g ¼ μI=I is the nuclear g factor and 11Δ9 ≈
ϵBWð11BeÞ − ϵBWð9BeÞ is the differential hyperfine
anomaly which corresponds to the difference of the
Bohr-Weisskopf effects (ϵBW) of the two isotopes.
Diverse theoretical values for 11Δ9 were published based
on different nuclear models. Fujita et al. [15] predicted
11Δ9 ¼ −4.68 × 10−4 and −9.5 × 10−4 using a core plus
neutron type wave function and a single-particle model
with core polarization, respectively, while later on
Parfenova and Leclercq-Willaim [16] calculated it, using
a model that includes the halo effect, to be −3.2 × 10−4 and
−1.9 × 10−4 for different weights of the s wave for the
neutron. Taking the arithmetic average of the latter calcu-
lations, the nuclear magnetic moment of 11Be can be
evaluated to be μIð11BeÞ ¼ −1.68166ð11Þ n.m., where
the uncertainty reflects the possible variations within
the model.
In order to evaluate the magnetization distribution of the
halo nucleus, the Bohr-Weisskpof effect should be exper-
imentally determined. Table III summarizes presently
known related data for all odd beryllium isotopes. Since
there are no sufficiently precise measurements of the
nuclear magnetic moments for the unstable beryllium
isotopes, a direct measurement with the β-NMR method
for 11Be [17] can be temporarily used to evaluate the
Bohr-Weisskopf effect to be 11Δ9 ¼ −2.2ð4.7Þ × 10−4.
Obviously the limited precision of the μIð11BeÞ prohibits
us to determine whether a finite hfs anomaly is present in
the halo nucleus 11Be. In a subsequent experiment, we will
determine both the nuclear magnetic moment and the
hyperfine constant simultaneously with high precision from
the Zeeman splittings in a strongmagnetic field as has been
demonstrated for the stable 9Be [18]. This method is also
essential to determine μI of 7Be, which does not emit β rays
at all.
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